Background: Eukaryotes compact chromosomes densely and non-randomly, forming three-dimensional structures. Alterations of the chromatin structures are often associated with diseases. In particular, aggressive cancer development from the disruption of the humoral immune system presents abnormal gene regulation which is accompanied by chromatin reorganizations. How the chromatin structures orchestrate the gene expression regulation is still poorly understood. Herein, we focus on chromatin dynamics in normal and abnormal B cell lymphocytes, and investigate its functional impact on the regulation of gene expression.
Background
To define three-dimensional (3D) chromatin structures in eukaryotic nuclei, Chromosome Conformation Capture (3C) sequencing technologies, such as the genome-wide 3C version (Hi-C), have emerged as a promising strategy and revealed that the 3D structures non-randomly compacted have functional roles for gene expression [1] [2] [3] [4] [5] .
For example, in B cells (B lymphocytes), the nuclear lamina interacting directly and indirectly with the DNA and chromatin are disrupted during early lymphocyte development [6] . Another study [7] combining 3D fluorescence in situ and Hi-C analysis has shown that particular genome-wide structural transformations, such as the switching of chromatin compartments, are strongly linked with changes in transcription signatures in B cell development. In addition, the recent advancement in 3C technologies enables the identification of sub-compartment regions associated with B-cell fate determination [8] .
B cells are central in the humoral immune system, and abnormal gene regulation in the cells is highly associated with cancer development [9] . Diffuse large B-cell lymphoma, one of the most common type of cancer in B cells, represents 30-40% of all non-Hodgkin lymphomas. Genetic translocations on the chromosome structure deregulate B Cell CLL/Lymphoma 6 (Bcl6) gene in germinal-center response in mice giving rise to different types of lymphoma [10] . Moreover, a recent study [11] using gene expression profiling revealed that PRDM1/ BLIMP-1, a master regulator of plasma-cell differentiation, is inactivated in lymphoma where loss of genetic expression correlates with tumor cell proliferation.
Here, we sought to identify the chromatin dynamics involved in the gene regulation of B-cell lymphoma. We combined different scales of genome structures from Hi-C of published data [2, 7, 12] with gene expression profiles (RNA-seq) of mice. We observed that the higher-order chromatin organizations characterized as compartments and topologically associating domains (TADs) are highly conserved among cells. Moreover, these compartments switch from repressive to permissive in pro-B cells and lymphoma and exhibit increased gene expression levels in comparison with ES cells. However, the switch of the repressive compartment in B cell to the permissive in lymphoma (~5.2% of the genes) have portrayed overall fluctuation of gene expression level regardless of the compartment dynamics. Interestingly, TAD boundaries are enriched with Prdm1 motif, suggesting a possibility of coordination between the higher-order of chromatin structures and cancer development.
Methods

Data preparation
RNA-seq datasets were downloaded from Gene Expression Omnibus (GEO): (i) GSM2698041 and GSM2698042 for mouse embryonic stem cells (ES cells), cell type 129S4/SvJae, sex not informed, from total RNAs; (ii) GSM1897405, GSM1897406, and GSM1897407 for normal B cells in mice, cell type C57BL/6 pro-B cell, pool of male and female individuals, from total RNAs; (iii) GSM2072416 and GSM2072417 for mouse B-cell lymphoma from strain B10.H-2aH-4 bp/Wts CH12.LX immortalized cell line, female, from total RNAs. Hi-C data were downloaded from GEO: (i) GSM862720 and GSM862721 for mouse ES cells, cell type 129S4/SvJae, HindIII restriction enzyme, male, from genomic DNAs; (ii) GSM987818 for mouse pro-B cells, sex not informed, C57bl/6, HindIII restriction enzyme, from genomic DNAs; (iii) GSE63525 for mouse B-cell lymphoma, CH12-LX immortalized cell line, MboI restriction enzyme, sex not informed, from genomic DNAs. The detailed information on quality controls and mapping ratios can be found in Additional file 1: Tables S1-S4 RNA-seq data analysis Firstly, sequencing reads were trimmed by Trimmomatic 0.36 (with the parameters: ILLUMINACLIP:TruSeq3--SE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWIN-DOW:4:15 MINLEN:36) [13] . The processed reads were aligned to mm10 cDNA and counted by Salmon [14] (with the parameters salmon quant -i < mm10 cdna> − l A). Gene abundances were obtained from transcripts by R/Bioconductor package tximport [15] . The detailed information is in Additional file 1: Tables S1 and S2 .
Hi-C data analysis Hi-C matrix Paired-end Hi-C reads were trimmed by Trimmomatic (ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:25) and were mapped separately to mm10 by BWA-mem [16] . In order to consider chimeric reads, we performed BWA-mem with a gap extension penalty and clipping at 5′ and 3′ ends (−A 1 -B 4 -E 50 -L 0 -T 25 -t 10), which allows the aligner to divide chimeric reads and to map the two parts of the read separately. HiCExplorer 2.0 [17] built Hi-C matrices with read counts over the bins of unequal size considering restriction sites; HindIII (AAGCTT) for pro-B cell and ES cell, and MboI (GATC) for B cell lymphoma. Briefly, the values of rows and columns in a Hi-C matrix stand frequencies that any two bins were connected by any pairs of processed read. This process discards non-uniquely mapped reads, lower mapping score reads, duplicated, re-ligation and dangling ends. To avoid amplification biases, low count bins and higher outliers were filtered out by setting a threshold on bimodal distribution. Hi-C replicates of each sample were merged as recommended by the HiCExplorer manual. To avoid the sex dependent bias, we removed chromosome Y from Hi-C merged matrices. Then, iterative correction was performed as described in Imakaev et al. [18] . The detailed information can be found from Additional file 1: Tables S3 and S4 .
Compartment identification and TAD calling
HOMER [19] performed the principal component analysis (PCA) on normalized interaction matrices and integrated H3K36me3 peaks to assign positive values to A compartment and negative values to B compartment. We downloaded ChIP-seq BED files from ENCODE [20] : ENCSR000CGR for ES cells, ENCSR000CFY for B cells, and ENCSR000CFL for B-cell lymphoma. To identify TADs, we ran the program "hicFindTADs" of HiCExplorer; it first transforms the Hi-C contact matrix into a z-score matrix considering all contacts at the same genomic distance. Then, separation scores are computed for different values of window, and low scores are indicative of TAD boundaries. To compare submatrix values, Wilcoxon rank-sum test was applied, and the p-values were corrected by Bonferroni method. The boundaries with adjusted p < 0.01 were reported.
Bioinformatics analysis Classification of mouse genes per compartment
To avoid redundancy in counting and assigning to both compartments, we considered only transcription start site (TSS) positions of genes. By using the program "intersect" in bedtools [21] with the parameter "-wo -F 1.0", we prepared genes whose TSSs were overlapped with either A or B compartments.
Gene ontology enrichment analysis
We conducted gene ontology (GO) enrichment analysis using DAVID [22] . We first compartmentalized the genome described above and prepared gene sets that were located in different compartments in a pair of cells. We analyzed GO biological process terms for each gene set. We used 0.05, 0.01 as the thresholds for P-values and EASE score, respectively. We listed additional GO terms in supplementary files using Bonferroni correction with the threshold 0.05 (Additional file 1: Table S6-S9).
Calculating normalized scores
We normalized the scores for compartments per samples; for each chromosome in a sample, A or B compartment count is divided by the total number of compartments in the respective chromosome, and is divided by the respective chromosome size. We also normalized the scores for TADs in the same manner.
Motif enrichment analysis
We used the program HOMER [19] to perform the motif enrichment analysis on TAD-boundary sequences. We used 20 Kb (kilo base) upstream and downstream DNA sequences of a TAD boundary. Significant sequence motifs (p < 0.01) found by HOMER were reported.
Results
Highly conserved folding patterns on chromatin compartment domains
Eukaryotic genomes are composed of sets of loci that are more likely to interact with one another than expected by random conformation of a chromosome. These sets show a plaid pattern that classify each genomic locus into either A or B compartments [23] . Interaction maps from Hi-C data can provide information in multiple levels of genome organization hierarchy [24] . The first level to examine chromatin interactions is the compartment domain. To examine the 3D chromatin folding dynamics in B cell and lymphoma, we prepared public Hi-C data of pro-B cells [7] , B-cell lymphoma [12] , and ES cells [2] . Then, we performed PCA analysis with higher resolution (100 Kb) on the mouse genome.
Overall, our analysis classified the genome into~1.48 Gb of B compartment and~1.1 Gb of A compartment in pro-B cells. The A and B compartments contained 14,600 and 4900 genes, respectively. To compare the folding patterns among the cells, we compared the A and B coordinates as described previously in [25] (Fig. 1a) . We found that 89 and 88% of the genomic coordinates, in pro-B cell and lymphoma respectively, remained in the same compartment or stable status as compared to the ES cell (both in A or both in B) [26] (Fig. 1b) . Furthermore, we found a higher similarity (91.6%) between pro-B cell and lymphoma compartment coordinates. These results are consistent with the observation in a study that shows 90.7% of the compartments are conserved in pre-pro-B and pro-B mice cells [25] . A previous study with human cells also found a similarity degree of 64% among ES cells and four derived lineage compartments [26] . While in another study conducted across 21 human cells and tissues, researchers observed 40.4% of conservation in the compartments [27] . These results suggest that our analysis achieves satisfactory chromatin organization structures by finding very similar chromatin compartment domains between pro-B cell and lymphoma using heterogeneous data resources.
Extensive reorganization of the mouse genomic compartments and the impact on gene expression levels It has been known that compartment reorganizations are associated with the disruption of normal gene expression program leading to breast cancer [28] . In order to investigate whether this phenomenon is also observed in mouse B cell-derived lymphoma, we identified chromatin compartments, at 100 Kb resolution, from normalized chromatin interaction matrices and obtained gene expression values from RNA-seq data. We examined switch regions between compartments across the cells (Fig. 1a-b) . Within the regions, we found genes related to B-cell development functions, B-cell lymphoma and early embryonic stages. For example, Ebf1 that is an important regulator for B cell fate [25] and IgHa that has a potential role in lymphoma development [29] changed the compartment states from inactive B compartment in ES cells to active A compartment both in pro-B cell and lymphoma with increased gene expression changes. Bcas1 also shows evidence of coordination in early activation of restricted transcription in ES cells [30] . In contrast, Myc that is associated with translocations and gene amplifications in B-cell lymphoma [31] was changed from inactive compartment in ES cells to active compartment in lymphoma without changing the expression level. Hdac9, which is a chromatin-modifying enzyme functioning in early stages of B-cell development [32] , showed B-to-A compartment activation with the positive correlation of expression level in pro-B cells but the negative correlation of expression level in lymphoma.
To investigate the influence of chromatin compartmentalization frequency in chromosomes, we calculated a normalization score by dividing the sum of compartments in each chromosome by its chromosome size. As expected, the distribution of compartments throughout the genome was much more similar between pro-B cells and lymphoma than between those cells and ES cells (Additional file 2: Figure S1 ). The genes located in B compartment in ES cells switching to A compartment both in pro-B cells and lymphoma tend to show increased gene expression levels, whereas the genes positioned in A-to-B compartment change show the opposite tendency (Fig. 2a-c) . The tendency was not observed from B-to-A change in pro-B cells to lymphoma. This suggests that the overall tendency of gene expression in compartment changes is not absolute as only a part of genes are affected by the compartment changes, and the other part may receive influence of other factors not covered by our approach [26, 28] . Since the limited number of genes were contained in the B-to-A a b (Fig. 2d-f ) , we further compared the gene expression levels of switching-genes with those of random genes located in stable regions (Additional file 2: Figure S2 ). To analyze functional enrichments, we selected all the genes that were involved in B-to-A compartment change. The genes in pro-B cells and lymphoma were enriched for similar GO terms related to B cell function, such as natural killer cell activation involved in immune response, humoral immune response, B cell proliferation, and immune response process ( Fig. 3 and Additional file 1: Table S6 and S7). After discarding 846 genes common in the cells (Fig. 4a) , we found that genes in pro-B cells were enriched with immune response terms including negative regulation of viral entry into host cell and proteolysis ( Fig. 4b and Additional file 1: Table S8 ). Meanwhile, genes in lymphoma were enriched with sensory perception of chemical stimulus, V(D)J recombination, and negative regulation of T cell apoptotic process (Fig. 4c and Additional file 1: Table S9 ).
Our results support the evidence of intricate relationship between differential chromosomal structure changes and gene expression. Interestingly, the genes that switched from B compartment in ES cells to A compartment in both pro-B cells and lymphoma were identified to be strongly related to B-cell biological processes, although not completely represented by our gene sets. Thus, by using chromatin organization coordinates, we can provide meaningful insights to clarify the functions of specific genes. In addition, in general, the compartment changes correspond to changes in gene expression levels, indicating that A and B compartments might be involved in the orchestration of gene regulation.
Influence of topologically associating domains on compartment reorganization
We next examined the sub-compartment structures known as TADs [2] , organizing dense and contiguous self-interacting regions. Although TADs tend to be conserved across different types of cells, chromatin interactions vary from cells to cells [26] . Here we raise the question about the possibility that TADs contribute a b to the gene expression programs in pro-B cells and lymphoma.
At 40 Kb resolution, our TAD calling classified the genome structures into similar numbers; 2829 in lymphoma, 2807 TADs in pro-B cells, and 2808 in ES cells. Interestingly, the majority of TADs identified in a cell was conserved in another cell; by applying the approach described previously [33] , we identified > 70% overlapped TADs in a pair of samples, resulting in 2348 (83.6% of total TADs) in lymphoma and ES cells, 2319 (82.6%) in pro-B cell and ES cells, 2235 (79%) in lymphoma and pro-B cell (Fig. 5a ). These observations suggest that chromosomes retain their physical conformation within the nucleus. In all samples, TADs were largely identified from chromosome 7. Lymphoma formed a notably larger number though in smaller sizes of TADs in chromosome 14, and smaller number of TADs in chromosome X (Additional file 2: Figure S3) . A previous study has attributed the smaller sizes of TADs in prostate cancer to the establishment of shorter distances within TAD boundaries [34] . This observation suggests that the similar mechanism in lymphoma may access different genomic loci by different interactions from distinct TAD formations. Herein, we have identified 301 unique TADs in pro-B cell, 191 in ES cell, and 198 in lymphoma (Fig. 5b) , in which the ratio of unique TADs in pro-B cells is similar to those found in a previous study; 65 unique out of 787 TADs identified in pro-B cell [25] .
In order to investigate whether TADs present any relationship to compartment changes, we have compared TAD coordinates and switching regions. Surprisingly, a great number of TADs were included in the 100-Kb-switching regions (Fig. 5b and c) . 662 (23.6%) pro-B cell TADs were identified within switching regions between ES cell and pro-B cell, 486 (17.3%) lymphoma TADs were identified between ES cell and lymphoma, and 306 (10.8%) lymphoma TADs were found within switching regions between pro-B cell and lymphoma. This suggests that 10-20% of the overall TADs, ranging at about~100 Kb, are located in regions of dynamic change of interactions.
TAD boundaries suggest gene regulation function in cancer
Recent studies have revealed that TADs associate with CTCF and cohesin [35] by forming relative conserved structures across cell types [36] to bring enhancers and specific genes closer [12] . Also, it has been observed that the disruption of TAD boundaries promotes gene expression leading to a physical malformation in mice [37] , suggesting the importance of CTCF in TAD boundaries. On the other hand, only 15% of CTCF motifs are located at TAD boundaries in mammals and 85% reside inside TADs [38] . This scattered disposition points out that whereas CTCF can afford flexible adjustment to the chromatin conformation, the 3D chromatin organization is more likely to be influenced by a fine orchestration of cell-specific regulatory program. We then asked whether TAD boundaries of normal and cancer cells would exhibit CTCF enrichment [17, 39, 40] , and whether genes located at the boundaries would exhibit any variation in gene expression levels when compared to those located at within-TAD regions.
We observed CTCF and BORIS motifs from the TAD boundaries in ES cells (p < 0.01). We also found HRE (p < 0.01) and Meis Homeobox 1 enrichments (p = 0.001), which are known to play important roles in normal mouse development [11] . The TAD boundaries in pro-B cell were enriched with Nanog and PRDM1 motifs (p = 0.01). Interestingly, the coding gene of Prdm1 that is associated with various cancer developments [11, [37] [38] [39] [41] [42] [43] exhibited the high expression level only in lymphoma (Additional file 2: Figure S4 ), even though all samples included PRDM1 in A compartment (Additional file 1: Table S5 ) enriched in TAD boundaries (Fig. 6a) . We could not profile the CTCF motif enrichment in neither lymphoma nor pro-B cells.
Next, we categorized genes based on their proximity to TAD boundaries. Remarkably, genes located around TAD boundaries (<40Kb) showed significantly higher gene expression levels (p < 0.0001) in all samples (Fig. 6b) . This has also been observed in a high-resolution experiment in fruit flies [17] . Overall, although TADs are highly conserved between cell types and are often delimited by CTCF motifs, our results show the relationship of TAD boundaries with cancer-related transcription factors rather than with CTCF.
Discussion
Recent studies have revealed that the eukaryotic genome is divided into chromatin compartments and a b boundary-limited functional units known as TADs. This genomic architecture inside the cell nucleus exhibits conserved folding patterns across species and cell types. The current model proposes that CTCF may guide the chromatin folding to form intradomains inside compartments [44] . The chromatin-folding dynamics coordinates with transcriptional changes, but the underlying mechanisms are still poorly understood. Here, we used publicly available libraries of Hi-C paired-end sequences from three different resources to compare general chromatin structures. To quantify the chromatin structures, we designed a method coupled with the approach described by Hi-C developers [23] , which is non-sensitive to compartment identification at higher resolution analyses [45] . Overall, we identified among samples similar numbers of compartments and TADs per chromosome which suggests a strong identifiability of chromatin folding. In addition, we observed several 100-200 kilobases compartments, which supports recent studies that report kilo-base-sized compartments [46, 47] .
Our analysis revealed the genomic regions that switch compartment status in the context of cells: 8.4% between pro-B cell and lymphoma, 11% between pro-B cells and ES cell, and 12% between lymphoma and ES cell. These regions included specific genes: 1091 genes in pro-B cells, 1378 genes in lymphoma. These genes were located in compartments that switch from inactive/silenced to active/transcribed status. The functional annotation analysis revealed that the genes possess B-cell specific functions. Most importantly, not all genes identified in the chromatin reorganization regions had the gene expression levels coordinating with compartment dynamics. For example, Bcl6 and Bcl11a, which are marker genes for lymphoma, showed higher gene expression levels in ES cells, even though located in B compartment in ES cells. This suggests that more research is needed to understand the exact mechanism of the process.
Collectively, our results show that the majority of TADs among pro-B cells, lymphoma and ES cells are highly conserved yet exhibiting some identity as previously reported [48] , whereas specific genomic regions are involved in the structural reorganization. We observed CTCF motifs enriched only at TAD boundaries in ES cells, which is consistent with a previous report [44] . However, we demonstrated that the DNA sequences at TAD boundaries are not always related to CTCF. The enrichment of PRMD1 motif found in this study encourages further effort to investigate the association of cancer-related motifs with TAD structures.
Conclusions
Our results show that the majority of TADs among pro-B cells, lymphoma and ES cells are highly conserved, whereas specific genomic regions are involved in the compartment change. In particular, the switching compartment regions are followed by a subtle gene expression increased between pro-B cell and lymphoma when compared to ES cell. We concluded that an unknown mechanism may exist to restrict the structural and functional changes of genomic regions and cognate genes in a specific manner.
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